Lyman x-ray spectra following charge exchange between C 6+ and H 2 are presented for collision velocities between 400 and 2300 km/s (1-30 keV/amu). Spectra were measured by a microcalorimeter x-ray detector capable of fully resolving the C VI Lyman series emission lines though Lyman-δ.
I. INTRODUCTION
(SEC) mechanism. These additional processes are rarely included in CX models.
The most prolific l-distribution models from the literature [11, 12] have been i) an even distribution, in which the l-states are evenly distributed across an n-manifold based on the total number of angular momentum states available, ii) a statistical distribution given by 2l + 1 n 2 ,
iii) a Landau-Zener (LZ) distribution given by l(l + 1)(2l + 1)(n − 1)!(n − 2)! (n + l)!(n − l − 1)! (2) and iv) a separable distribution given by
where Z is the charge of the capturing ion. In general, a statistical distribution is usually assumed to become dominate when the collision velocity is approximately half the orbital velocity of the captured electron [13] . At slower collision velocities the l-distribution tends to be either even or peaked at intermediate l-states, such as in the separable and LZ distributions above. At higher collision velocities, the l-distribution migrates to preferentially higher l-states that can lead to over-statistical distributions with a majority of captured electrons in the maximum l-state [14] [15] [16] [17] [18] [19] [20] . None of the l-distribution models above describe this over-statistical distribution condition.
Here we report the measurement of Lyman emission lines resulting from the CX interaction between C 6+ and H 2 using a high resolution microcalorimeter x-ray detector. From these measured emission lines, we investigate the effect of collision velocity on the state-selective l-distributions during the capture process by determining line ratios between Lyman-alpha (L α ), Lyman-beta (L β ) and Lyman-gamma (L γ ) emission lines.
Total CX cross sections for C 6+ on H 2 and He have been measured by Meyer et al. [21, 22] and Greenwood et al. [23] . Few state-resolved CX experiments, however, have been conducted for C 6+ on H 2 . Dijkkamp et al. [24] utilized vacuum ultraviolet (VUV) spectroscopy to investigate the state-resolved n, l cross sections of CX for C 6+ , N 6+ and O
6+
on He and H 2 , however, their results for C 6+ on H 2 were inconclusive due to high relative uncertainties and unavoidable state degeneracies related the the observed emission lines.
Hoekstra et al. [25] repeated the VUV measurements of Dijkkamp et al. with a refined experimental apparatus with specific aim to investigate the relative n capture states via SEC and DCAI. Mack et al. [26, 27] measured correlation effects of double capture between C 6+ and H 2 . Recently, we reported high resolution Lyman emission measurements resulting from CX between C 6+ and He using the microcalorimeter apparatus discussed here [28] .
All of these previous results clearly show that even though H 2 and He are both strict twoelectron systems, the ionization potential of the target is the primary parameter that governs the n-state capture. For the He target, the principal capture in C 6+ is to n = 3, which is confirmed by the CBM. For H 2 , the principal capture state is n = 4, also confirmed by the CBM. In comparing our measured Lyman emission lines between CX with H 2 and He we observe significantly different line ratios that suggest different l-distributions over the same collision velocities. The particular l-distributions, however, are not so easily estimated at different collision velocity regimes. It is the intent here to provide further information on the velocity dependence of CX between C 6+ and H 2 with regard to the capture l-states. Given that no detailed theory exists for this collision system over this energy range, we are utilizing the l-distribution models above to help describe the observed line ratios. These models are the most widely used by laboratory and astrophysical plasma modelers in accounting for charge exchange in the absence of rigorous theory. These models, while based on agreement with other collision systems, are approximations and are not a rigorous replacement for detailed theoretical calculations. For example, these l-distribution models do not account for the quantum defect of s-states which will vary based on principle quantum number and will impact the overall CX dynamics. To that end, we will present each of these models in comparison to our measured line ratios as a function of collision velocity. We will also incorporate the overall distribution of the relative n-state capture cross sections to account for SEC and DCAI.
II. EXPERIMENT
The charge exchange emission spectra of C 6+ on H 2 were measured by adapting the ion-atom merged beams apparatus at Oak Ridge National Laboratory [29] with an X-ray microcalorimeter detector from the University of Wisconsin and Goddard Space Flight Center sounding rocket experiment to measure Lyman emission from the resulting H-like C 5+ ion. A schematic of the experimental apparatus can be seen in Fig. 1 and has been discussed previously [28] . The ion beam of 13 C 6+ was produced by an electron cyclotron resonance (ECR) ion source with 13 CO as the working gas. Isotopic carbon was selected to avoid ion beam contamination from similar mass-to-charge ratios. Approximately 10 -30 nA of C 6+ ions were incident on a gas cell interaction volume (20 cm long) as shown in Fig. 1 . The H 2 target gas was introduced into the gas cell volume via a leak valve with the total pressure being monitored via a nude Bayard-Alpert ion gauge and a quadrapole residual gas analyzer (SRS RGA100). The background pressure in the cell was 10 −8 Pa ( 10 −10 Torr). The gas cell was held at a total pressure of 10 −6 Pa ( 10 −8 Torr) during data acquisition. Due to the thermal recovery time of the detector between events, the pressure in the gas cell was adjusted slightly to restrict the x-ray count rate of the detector to < 1 Hz for given ion beam currents.
The X-ray Quantum Calorimeter (XQC) detector has been described in detail elsewhere [30, 31] so only a brief overview will be given here. The XQC is a 6 x 6 array of microcalorimeters with HgTe absorbers each 2.0mm x 2.0mm x 0.7µm. This array is situated in conjunction to an adiabatic demagnetization refrigerator resulting in a final operating temperature of 50 mK. The XQC was mounted to the interaction gas cell at 90
• with respect to ion beam propagation, at a distance of 23 cm from beam line center. Because of the finite size of the detector array and the physical mounting limitations, only a limited portion (2 cm) of the gas cell was viewable by the detector. This is shown schematically by the viewing cone in Fig. 1 . The ions passed through this limited viewing distance in 10 -50 ns, for the given range of velocities investigated. This allowed for detection of prompt
x-rays only due to charge exchange.
The effect of polarization due to capture to different m-states is not accounted for in our
analysis. An isotropic emission is assumed, but it has been shown by others with a similar
90
• detector orientation that this can lead to a maximum error (for fully polarized emission) of no more than 30% and that typically less than 15% is observed [23] [24] [25] . Figure 2 shows a typical x-ray spectrum recorded by the XQC for C 6+ on H 2 at a collision velocity of 400 km/s. Similar spectra were recorded over the range of collision velocities and each of the observed Lyman emission lines was peak fitted to obtain the integrated intensity of each emission line. A background spectrum, with no target gas in the gas cell, was taken at each energy to verify that there was no observable charge exchange contribution from the base residual gas of the gas cell. As can been seen in If we consider only populating n = 2, 3 or 4 in CX, and the resulting radiative cascades, the relative probabilities of producing L α , L β and L γ line emission due to CX to C 6+ can be determined by
where σn Σσ i is the relative cross section for an electron being captured to principle quantum state n. The relative weighting factor of each n, l state is given by s n,l (the relative ldistribution normalized for each n), radiative transition A-values from state n, l to n , l are given as A n,l→n ,l (these values are given in Table I ) and the total decay rate via all paths from a given n, l state is given by ΣA n,l .
From these calculated emission probabilities, the line ratios L β /L α and L γ /L α can then be determined for specific s n,l weighting factors and relative cross sections for CX resulting in an electron in n = 2, 3 or 4. These can then be compared to the line ratios shown in Fig. 3 to gauge the l-distribution model that best describes the Lyman line emission at different collision velocities.
Based on the CBM predictions, the majority of SEC is to n = 4. In their VUV emission measurements of CX between C 6+ and H 2 , Dijkkamp et al. [24] showed that approximately 90% of the total capture cross section was to n = 4 with an upper limit of approximately 10% for capture to n = 3. Hoekstra et al. [25] suggested that 67% of SEC capture is to n = 4 and 6% to n = 3 with 3% to n = 5 and approximately 25% to DCAI.
In order to gauge the possible contribution of DCAI at the lower collision velocities, we look to the total CX cross sections between C 6+ on H 2 and H measured by Meyer et al. [21] . As can been seen in Fig. 4 , the absolute CX cross sections from H 2 and H are essentially the same above 500 km/s, considering the uncertainty. However, slower collision velocities show a significant decrease in the CX cross section from H while the cross section from H 2 remains relatively unchanged. Given that these measurements could not distinguish SEC and DCAI, it is likely that DCAI is a significant contributor to the cross section difference observed at the slower velocities.
In corresponding to the low end of our collision energy range, approximately Mack et al. [26, 27] have shown that the principal double capture states are of the form 3lnl and 4lnl with 3lnl being significantly more dominant which results in an electron in a 2l state. In terms of the Lyman emission measurements presented here, this would lead to a relative increase of L α for those DCAI events resulting in population of the 2p state.
The upper pane of Fig. 5 illustrates the relative n = 4 weighting factors, s 4,l , for the different l-distribution models discussed in the Introduction. In Table II , we show the line ratios determined by substituting these l-distribution models into Eqns. 4-6 and considering only SEC to n = 4. As can been seen, none of these calculated line ratios agree with those shown in Fig. 3 over the range of velocities measured. This suggests that sole SEC to n = 4
is not an adequate description of the overall CX and that some combination of capture to n = 2 and 3 is necessary.
In evaluating the l-distribution model most applicable at the low collision velocities, we consider the VUV measurements of Dijkkamp et al. [24] . The middle and lower panes of is reflected by the error bars attached to the lowest collision energy of each data set.
and O 6+ on H 2 , respectively, at various collision energies. Dijkkamp et al. measured the n, l cross section directly from their VUV line emission observations. The total cross section is derived by summing these state-specific cross sections. Dijkkamp et al. report uncertainties ranging from 20-50% for various n, l cross section measurements. These naturally carry over into the total cross section uncertainty. In determining the weighting factors shown in Fig. 5 , the ratio of the state-specific cross section to the total cross section was taken. The resulting uncertainties were then weighted accordingly and added in quadrature to determine the relative uncertainties shown in Fig. 5 attached to the lowest energy data set for each ion. In displaying just one of the error bars sets for each ion it is the intention to convey the relative uncertainty inherent to their data across the different collision energies.
In comparing the l-distributions with the model distributions in the upper pane of Fig. 5 , it can be seen that the relative uncertainties prevent any clear indication of which l-distribution model is most appropriate, however, the data for O 6+ seems to show a trend of transitioning from a low-l distribution at the lowest collision energies towards a more statistical distribution at higher collision energies. Given the uncertainty, there is clearly an increase in the population of l = 3 as the collision velocity increases which indicates that the lower l-state populations must be shifting to higher l, as the overall trend seems to suggest.
The N 6+ data, given the uncertainty, seems to be more reflective of an even l-distribution across the collision energies with perhaps a slight transition towards a more statistical distribution at higher collision energies. This, along with the O 6+ data, is perhaps suggesting a trend towards a more even/statistical l-distribution for C 6+ at the lower end of our observed collision energies. The average of our observed line ratios for L β /L α and L γ /L α at lower collision velocities and their disparity with the different l-distribution models for SEC to n = 4 only, as shown in Table II , suggests that we do not observe the amount of CX to 3p and 4p states predicted by l-distributions peaked at low l-states, such as in the LZ and Separable l-distribution models. The overall trend of the Dijkkamp et al. data seems to suggest this as well. This points to the statistical l-distribution model as the appropriate in this collision velocity regime. It should also be noted that the collision velocity in this range corresponds with approximately half the orbital velocity of the captured electron, which is typically considered to result in a statistical l-distribution [13] .
To further illustrate the effect that the different l-distribution models have on the L β /L α and L γ /L α line ratios, we can now consider the relative cross sections to n = 3 and 4 via SEC and a possible contribution to n = 2 via DCAI at low collision velocities by comparing to calculated line ratios using the various l-distribution models from the Introduction and comparing to our observed mean line ratios below a collision velocity of 800 km/s.
Each pane of Fig. 6 illustrates two forms of partitioning simultaneously for each l- tion of n = 4 (primary SEC capture state). The remaining relative cross section contribution is then distributed between n = 2 and 3 as shown by the ratio of σ n=2 /σ n=3 in each plot.
We have selected the different relative cross sections for n = 4 in discrete steps to match the range of our observed line ratios and to give an idea of the overall behavior. Values can be interpolated as needed.
From the separable l-distribution data in Fig. 6 it can be seen that to achieve line ratios If we assume a statistical l-distribution model to describe our observed line ratios at the low collision velocities, then we can assume that at higher collision velocities that higher l-state populations will increase leading to a more over-statistical distribution. Since we don't have a model function to guide an investigation of that description of the observed CX, we can compare to CX data for C 6+ on H. This is a single electron system but the absolute CX cross section data of Meyer et al. suggests that at higher collision velocities the cross sections are comparable and thus no considerable contribution from DCAI is expected.
The absolute measurements will also have taken into account the small contribution of SEC to n = 3 in the H 2 case.
In the comparison of the resulting l-distributions for capture to n = 4 in CX between C 6+ and H 2 and H at different energies, it is expected that the relative n-state populations will be slightly different given the ionization potential difference between H 2 and H. For the H target at 1 keV/amu, approximately 90% of the total capture cross section is to n = 4 while at 25 keV/amu, capture to n = 5 becomes a substantial part of the total cross section. Figure 7 shows the relative l-distributions for the n = 4 manifold from the data of Toshima & Tawara [20] , Fritsch & Lin [18] , Green et al. [16] and Kimura & Lin [19] at 1 keV/amu and 25 keV/amu collision energies. This range is comparable with our measured lower and upper energy range. As can bee seen in Fig. 7 , the H data at 1 keV/amu suggests that the statistical and LZ l-distributions are most predominant while at 25 keV/amu, the l-distribution population is peaked at the maximum l-state, suggesting a transition to an over-statistical distribution. As a comparison, Table II shows the L β /L α and L γ /L α line ratios calculated using the n=4 l-distribution data of Fritsch & Lin for capture from atomic hydrogen at 1 keV/amu and 25 keV/amu. At 1 keV/amu, the calculated line ratios are similar to the those obtained from the LZ model. At 25 keV/amu, the line ratios are closer to those observed for capture from H 2 and are indicative of the trend to capture to higher angular momentum states at higher collision energy. We note that at the higher collision energy, the predominant capture to maximum angular momentum leads to increased L α emission and thus lower overall line ratios with respect to L α , as would be expected.
Finally, Figure 3 shows the results of preliminary CTMC calculations for both the L β /L α and L γ /L α line ratios [32, 33] . As pointed out previously, the CTMC method is expected to be most applicable at the higher collision velocities. The calculations are done for the cases of SEC only and for SEC in combination with DCAI and TI, although the TI cross section contribution is an order of magnitude less than the DCAI contribution and is considered negligible. As can be seen in Fig. 3 at the higher collision velocities, the CTMC results are in relatively good agreement with the line ratios determined from the experiment and tend to be independent of the DCAI contribution, which is reasonable given that DCAI is expected to fall off quickly with increasing collision velocity. At the low collision velocities, the CTMC results do not agree with either the L β /L α or L γ /L α line ratios. This is likely an indication that the applicability of the CTMC model in this collision range is not appropriate.
IV. CONCLUSION
State-specific n, l CX cross sections have been known to be highly dependent on collision velocity, however, it is still relatively difficult to predict emission spectra using the predominant l-distribution models put forth in the literature. From our measured high resolution x-ray emission spectra for CX between C 6+ and H 2 , we observe comparable L β /L α and L γ /L α line ratios at low collision velocities that decrease with increasing collision velocity.
Previous absolute cross section measurements and VUV line emission experimental results provide some guidance towards applicable l-distribution models but are not conclusive. In comparing our observed line ratios with calculated line ratios using the separable, even, Landau-Zener and statistical models we determine that the statistical model best describes line emission at the low end of our observed collision velocities. This implies a transition to a more over-statistical l-distribution at higher collision velocities. There is, however, an impelling case for more rigorous theoretical models to investigate this collision system over this velocity range to determine the range of applicability for different theoretical approaches.
